Activation of the transcription factor interferon regulatory factor-3 (IRF-3) is an essential event in the innate immune response to viral infection. To understand the contribution of IRF-3 to host defense, we used a systems biology approach to analyze global gene expression dependent on IRF-3. Comparison of expression profiles in cells from IRF-3 knockout animals or wild-type siblings following viral infection revealed three sets of induced genes, those that are strictly dependent on IRF-3, augmented with IRF-3, or not responsive to IRF-3. Products of identified IRF-3 target genes are involved in innate or acquired immunity, or in the regulation of cell cycle, apoptosis and proliferation. These results reveal the global effects of one transcription factor in the immune response and provide information to evaluate the integrated response to viral infection.
Introduction
An effective first line of defense to infection depends on the action of cells and mediators of innate immunity, and a specific and long-lasting defense depends on the collaboration of these components with cells and mediators of acquired immunity. Infections usually begin in a single site or tissue, but the physiological reaction is both local and disseminating. Responses include production of cytokines at the site that lead to recruitment of phagocytes and lymphocytes, and in turn these cytokines and cellular responders disseminate to involve the entire immune system. For this reason analyzing the effects of infection on a single cell or tissue can provide knowledge of a more global systemic response.
Viral infection of cells causes the activation of a number of transcription factors that, in turn, induce genes whose products generate a biological response, be it survival of the infected cell or survival of the host with the sacrifice of the infected cell. Each activated transcription factor may function distinctly to regulate expression of specific target genes, or they may function cooperatively to regulate expression of a common target gene. Cooperative gene induction can result from the concerted action of multiple transcription factors, although each transcription factor individually may not be sufficient to induce the gene target.
A critical cellular transcription factor that is activated both in response to viral infection and to toll-like receptors is the interferon regulatory factor-3 (IRF-3). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] IRF-3 is expressed constitutively in all cells of the body, and animals with a targeted gene disruption are susceptible to viral infection. 9 ,10 IRF-3 resides in a latent state primarily in the cytoplasm, but following serine phosphorylation by TANK-binding kinase or inhibitor of NF-kB kinase-related IKKe, it accumulates in the nucleus in strong association with the histone acetyl transferases CREB-binding protein or p300. [12] [13] [14] Identification of genes targeted by IRF-3 is critical to understanding an effective defense response to viral infection. IRF-3 is known to regulate expression of the type I interferon-beta gene (IFN-b), and a subset of type I IFN-stimulated genes independent of the action of IFN. 3, 11, 15 IFNs are unique among the cytokines for conferring cellular resistance to viral infections, and therefore a successful innate immune response depends on their production and action. [16] [17] [18] [19] IRF-3 contributes to the induction of the IFN-b gene, but it is not sufficient for IFN-b gene induction and needs to cooperate in an enhanceosome with NF-kB and ATF-2/c-jun transcription factors. 20 IFN is secreted by the infected cell and binds to cell surface receptors on the same cell or adjacent cells stimulating a signal pathway that induces expression of IFN-stimulated genes. IFN-receptor binding activates Janus tyrosine kinases that phosphorylate the DNA-binding transcription factors, signal trans ducers and activators of transcription (STAT). [16] [17] [18] Since IRF-3 plays a significant role in viral defense, efforts have been made to identify genes regulated by IRF-3. One approach evaluated the effects of a constitutively active IRF-3 mutant. 21 Serine amino acids were replaced with aspartic acid to mimic serine phosphorylation and the active IRF-3 conformation. Only a handful of genes were found to be induced by overexpression of the constitutive IRF-3 mutant and this group did not include IFN. The low number of induced genes may be due to the fact that IRF-3 often functions cooperatively with other activated transcription factors, or that the constitutive mutant does not fully simulate the active form of IRF-3. Another approach evaluated the response to viral infection of mutated cell lines that were selected to either overexpress IRF-3, or express IRF-3 below normal levels. 22 Cells with reduced IRF-3 levels underexpressed some known IFN-stimulated genes, but there was no effect on expression of IFN genes. Interpretation of these results is limited since low levels of IRF-3 are still expressed and activation of other transcription factors may be sufficient to induce ISG expression independent of IRF-3.
To provide knowledge of the global contribution of IRF-3 to host defense in viral infection, it is essential to evaluate the profile of genes regulated in the presence or absence of IRF-3. Genes induced after viral infection can thereby be compared using controlled parameters to identify those genes that are independently or coordinately regulated by IRF-3. In this study, we used a systems biology approach to identify the global set of cellular genes influenced by IRF-3 during the course of viral infection by employing microarray technology and virally-infected murine embryo fibroblasts (MEFs) derived from IRF-3 knockout (irf-3
We used Newcastle Disease Virus as our model infectious agent, because this negative strand paramyxovirus leads to efficient activation of latent IRF-3, and viral replication is limited to one round of infection in murine cells.
Results and discussion
Cells and RNAs used for microarray analysis Cultures of IRF-3 knockout (KO) (irf-3 À/À /MEF6) and WT sibling (irf-3 þ / þ /MEF7) MEFs used in this study were evaluated for mRNA expression prior to and following 6 or 12 h infection with Newcastle Disease Virus. 9 Northern blot hybridization was used to ensure RNA integrity of samples used in the microarray assays ( Figure 1a This is not unexpected since autocrine IFN produced during the course of infection can induce ISG54 via the Janus tyrosine kinases/STAT pathway and thereby increase the levels. The complete lack of ISG54 expression in the IRF-3 KO MEFs supports the premise that IRF-3 is required for its induction either directly or indirectly. The RNAs represented on these northern blots were among similar pooled samples submitted for the microarray analyses.
Changes in gene expression following viral infection and activation of IRF-3 can have a dramatic impact on host defense. The products of induced genes affect host responses both locally and distant to the site of infection. To ensure that the induced mRNAs are translated in our system, we evaluated the expression of the ISG54 protein in WT and IRF-3 KO cells following viral infection (Figure 1b) . Western blot analysis demonstrated that expression of the ISG54 protein accurately reflected the induction of ISG54 mRNA in WT cells and not in KO cells.
Experimental design for microarray analysis
A comparison of the genes expressed in infected WT MEFs versus infected IRF-3 KO MEFs should identify differences due to the presence or absence of IRF-3. Therefore, we evaluated RNA samples from cells mockinfected or infected for 6 or 12 h, with or without neutralizing antibody or the translation inhibitor cycloheximide (50 mg ml
À1
) to block the synthesis of autocrine IFN or other secondary transcription factors. Genes induced in the presence of cycloheximide should represent those directly responsive to infection. The parameters for these comparisons are listed in Table 1 , and the profiles of genes in each treatment that changed 9 Cells were mock infected (À) or infected with 100 hemagglutination units (HAU) ml
Newcastle Disease Virus (NJ-LaSota-1946) ( þ ) for 6 or 12 h. 23 Neutralizing antibody to type I IFN (IFN Ab) (313 units ml
; Biosource International Inc.) was added one hour prior to infection of half the 6 h samples as indicated ( þ ). RNA was isolated with RNeasy reagents (Qiagen, Valencia, CA, USA). DNA probes were labeled with a- Table 8) . Analyses were performed with a pooled population of RNA obtained from three experiments.
To reduce differences due to parameters of individual experiments or genetic changes that occur during passage of cells in tissue culture, the results from these primary comparisons were subjected to second-generation comparisons following a logical strategy. The criterion of a second-generation comparison should exclude gene expression changes that are dependent on new protein synthesis, and gene changes that did not respond reproducibly in multiple experiments. Genes were identified that changed in WT cells following a 6 h infection in the presence of cycloheximide, and these were considered the direct response genes (Table 1 ). This set of direct response genes was then compared to the sets of genes that consistently changed in the IRF-3 KO cells after infection for either 6 or 12 h (Table 1) . Direct response genes that changed in WT but not in the IRF-3 KO infected cells from these secondary comparisons represent strong candidates for IRF-3-dependent direct response genes.
IRF-3-dependent direct response genes
Some of the IRF-3-dependent direct response genes have known functions, whereas the functions of others remain to be determined, and still others remain as novel EST genes (Supplementary Table 9 ). We have focused on genes whose expression increased during infection rather than decreased since it is known that RNA can be degraded during viral infection by activated enzymes such as RNase L. 24 These genes increased expression in WT cells during viral infection despite the presence of cycloheximide, and did not increase in the IRF-3 KO cells even after 12 h of viral infection. A subset of IRF-3-dependent response genes that significantly changed following 12 h of viral infection is presented in Table 2 . They are grouped based on their roles in particular biological responses of innate immunity, acquired immunity, proliferation and apoptosis.
At the top of the list of immunity genes that require IRF-3 is a subset of the type I IFN genes, IFN-b, IFN-a4 and IFN-a5. The IFN cytokines are critical for an effective antiviral response and for integration of the innate and acquired immune systems. The expression of type I IFN genes is tightly regulated, and IRF-3 is known to be involved in induction of IFN-b and IFN-a4 in response to virus. 9, 25 Induction of IFN-a5 was previously described to be dependent on the IRF-7 transcription factor induced by IFN. 25 Our analysis now identifies IFN-a5 as an IRF-3-dependent direct response gene. The IFNs are secreted from infected cells and thereby disseminate immune response signals to other cells of the body. Another IRF-3-dependent direct response gene that leads to signal dissemination and recruitment of monocytes, mast cells and lymphocytes to the site of infection is the chemokine CCL4 (MIP-1b). 26 Binding of CCL4 to the CCR5 receptor may also play a more specific role in inhibition of specific viral entry since CCR5 is a coreceptor for human immunodeficiency virus-1. 27 Secreted cytokines and chemokines can recruit other immune cells to the infection site, and cell adherence may be stimulated by the IRF-3-dependent production of the adhesion molecule CD166 (ALCAM) as well as T-cell proliferation. 28 IRF-3 was also found to be necessary for induction of non-classical major histocompatability class I genes Q-I, T-10 and T-22. The non-classical major histocompatability class I proteins serve as ligands for receptors on natural killer cells and g/d T cells. 29, 30 It is clear from this small set of genes that the IRF-3 transcription factor acts to elicit widespread immune responses.
The IRF-3-dependent direct response genes include a few that are also induced by the Janus tyrosine kinases/ STAT pathway stimulated in response to type I IFN; IFP35, ISG20, I-8U and ISG54. IFP35 encodes a transcription factor and can thereby regulate a secondary set of RNAs from similar cell treatments were pooled and cDNA generated for hybridization to affymetrix MG U74A version 2 gene chip array. Chips were scanned and data analyzed using Microarray Suite v2.
IRF-3 target genes
J Andersen et al genes. 31 ISG20 encodes a 3 0 -5 0 exoribonuclease that exhibits antiviral activity against human immunodeficiency virus type I. 32, 33 The function of I-8U is unknown, but ISG54 may be involved in translation control. 34 Two of the IRF-3-dependent genes confer resistance to specific infectious agents; cytomegalovirus-induced gene 5 (cig5)/viperin blocks late cytomegalovirus gene expression and virion production, and the GTPase LRG-47 serves to protect macrophages against infection by Mycobacterium tuberculosis independent of inducible nitric oxide synthetase. [35] [36] [37] IRF-3 action has been linked to apoptosis and for this reason target genes that affect cell death or survival were examined. Two of the IRF-3-dependent genes are known transcription factors that stimulate apoptosis or growth suppression, Zac1 and Egr2/Knox-20. 38, 39 In addition, there is an increase in expression of the Fas death domain-associated protein, Daax and a decrease in cyclin A1. Conversely, there is an apparent counterbalance to the promotion of apoptosis with the altered expression of genes that stimulate cellular proliferation. These include an increase in thymidylate kinase, B-Myb oncogene, growth hormone receptor, RNA polymerase II subunit, inhibin-b and nerve growth factor. In the context of viral infection, IRF-3 contributes to apparently opposing effects of proliferative versus apoptotic gene expression. Increased expression of stress-related genes was also dependent on the expression of IRF-3. Such genes include the DNA damage response kinase, ataxia telaniectasia mutated homolog.
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The set of IRF-3-dependent genes include those in which activated IRF-3 is sufficient to induce expression and those in which activated IRF-3 is required, but not sufficient to induce expression. Activated IRF-3 is sufficient to induce genes such as ISG54 and cig5/ viperin and they were shown previously to be induced by a constitutively active mutation of IRF-3. 21 In contrast, IRF-3 is required but not sufficient to induce expression of the IFN-b gene. 9, 20, 21 IRF-3 independent and augmented direct response genes Viral infection also stimulated the expression of direct response genes in the absence of IRF-3 (Supplementary  Table 10 ). Although expression of this set of genes was independent of IRF-3, evaluation of the comparative levels of gene expression in the WT or KO cells revealed two distinct classes. One class of response genes did not show significant differences in the WT or KO cells following infection, and a subset of these genes is presented in Table 3 . A concerted immune reaction to infection is apparent with the induction of three classes of chemokines, including CCL2 (MCP-1), CCL7 (MCP-3), CXCL10 (IP10), CXCL9, CXCL2 (MIP-2) and CX 3 CL1. 26 The collaborative action of these chemokines results in recruitment of neutrophils, monocytes, lymphocytes, basophils and eosinophils to the site of infection. In addition, induction of genes encoding secreted cytokines such as interleukin-6 and interleukin-15 stimulates the proliferation/activation of recruited cells. Other notable increases in gene expression occur within families encoding both major histocompatibility class I and class II molecules, which are required for establishment of specific acquired immunity and long-term protection against viral infection. 43 In addition, pro-apoptotic genes such as FasL receptor and Bid enhance suicide of the infected cell thereby limiting dissemination of virus.
A subset of genes in this group showed a notable higher expression in the WT cells in comparison with the IRF-3 KO cells. Expression of this distinct class of response genes was therefore augmented by the presence of IRF-3, although not strictly dependent on IRF-3. Therefore, the complete list of IRF-3-independent response genes (Supplementary Table 10 ) include those that can be induced by IRF-3, but can also be induced autonomously by another virally-activated transcription Table 4 . Included in this class is the gene encoding the CCL5 chemokine (RANTES). CCL5 is known to be induced directly by activated IRF-3, and also independently by the activated NF-kB transcription factor. 44 Other augmented genes include a number of IFN-stimulated genes such as ISG15, in which either activated IRF-3 or activated STAT complexes are sufficient to induce expression. 21, 23 It is not uncommon for a gene to be regulated independently by distinct transcription factors. By comparative analysis of RNA expression in the presence or absence of IRF-3 we have identified IRF-3 augmented direct response genes.
Profiling IRF-3 target genes IRF-3 plays a significant role in the survival of viral infections, and to understand its action we have identified direct target genes by analyzing IRF-3-knockout cells with microarray technology. This approach allows for global profiling of thousands of genes at once rather than analysis of one individual gene. Since the microarray is not as sensitive as RT-PCR, the lack of signal for any given gene by microarray analysis should not be confirmation of a negative result until other methods are used to confirm the analysis. The power of performing primary and secondary comparisons of genes that are regulated in response to virus infection is the ability to verify expression changes as well as to distinguish subsets of genes regulated via distinct mechanisms.
On the basis of information that is available for a few IRF-3-responsive genes, it is clear that IRF-3 can contribute to gene expression in different ways (Figure 2) . Following activation by serine phosphorylation IRF-3 associates with CREB-binding protein/p300 and this complex can directly bind a DNA sequence leading to induction of the responsive gene. ISG54 is an example of a gene in which IRF-3 activation is sufficient to regulate gene expression. Activated IRF-3/CREB-binding protein can directly bind to the promoter of ISG54, and the constitutively active IRF-3 mutant is sufficient to induce the ISG54 gene. 48 This is distinct from the contribution of IRF-3 to the expression of the IFN-b gene. The promoter region of IFN-b has been shown to bind several DNAbinding transcription factors that cooperate in an enhanceosome complex including IRF-3, NF-kB and AP-1 (c-jun:ATF2). [49] [50] [51] In this case, IRF-3 is required for IFN-b expression, but IRF-3 is not sufficient for its transcriptional induction. The IRF-3 augmented genes induced in response to virus include those whose expression is enhanced by IRF-3 activation. From our knowledge of the promoter of one of these genes, CCL5, we propose that these genes can be induced by IRF-3, but they can also be induced independently by other virally activated transcription Figure 2 Schematic illustration of the activation of cellular transcription factors such as IRF-3 and NF-kB in response to viral infection and their subsequent direct regulation of gene subsets. Direct response genes were identified during infection of WT and KO IRF-3 cells, and secondary comparisons identified IRF-3-dependent or IRF-3 independent genes. The IRF-3-dependent genes include those that respond directly to IRF-3 (sufficient) and those that require IRF-3 in concert with other transcription factors for expression (cooperative). The IRF-3 independent genes include those that are not regulated by IRF-3, and those that are regulated either by IRF-3 or by other activated transcription factors (augmented). The murine ISG54 gene exemplifies an IRF-3-dependent gene. Activated IRF-3 is sufficient to induce ISG54 and binds to an IFN-stimulated response element (ISRE) in the promoter of the gene (À88 to À114). 45 Expression of IFN-b is also dependent on IRF-3, but IRF-3 is not sufficient for its induction. Multiple DNAbinding factors cooperate in an enhanceosome to induce the murine IFN-b gene, including ATF-2/c-Jun, IRF-3 and NF-kB (À51 to À96).
46 Activated IRF-3 is sufficient to induce expression of the CCL5/RANTES gene by binding to the ISRE within its promoter (À133 to À150). 47 However, CCL5 can also be induced independently during infection by activated NF-kB. 47 For this reason CCL5 is considered an IRF-3 independent but augmented gene. An example of an IRF-3 independent gene that cannot be induced by activated IRF-3 is IRF-1. The promoter of murine IRF-1 has a well-characterized IFN-g activated site (GAS) (À150 to À160) and several putative NF-kB sites (consensus À297 to À314). 
